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Neutrino ( )

= Proposed by Pauli (1931) ; Named by Fermi

n® p+e +n,

= Confirmed (Reines & Cowan, 1956)

— more than 25 years |ater!
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1 cm?® material contains 1024 protons

P Absorption probability ~ 10-1° cm-!
P Needs 10 light-year of material to capture
one neutrino
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= Discovery of n(1962)
= Discovery of n, (1978)
= Threetyped/flavors of neutrinos

Neutrino n. n. n,
Charged Partner electron (e) nzm:;n t(?;

= Bethe (1938, 1939) : acomplete theory of nuclear fusion in stars
= Maor source of neutrinos on Earth (theory) P Sun
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Convective zone

Radiative zone
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Pontecorvo & Alvarez (1946, 1949)
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= pp: p+p® d+e’ +n, (0.42 MeV; max)

= pep (1/230 of pp): P+€ +p® d+n, (1.44 MeV)

SHe+°He® “He+2p (85%); SHe+*He® 'Be+g  (15%)

= 'Be: Be+e ® 'L +N (0.86 MeV - 90%; 0.38 MeV - 10%)

'Be+ p® ®B+g

8B (0.02%): 5B® ®Be+n,, (14.06 MeV; max)

hep (0.00002%) SHe+ p® “He+e* +Nn, (18.77 MeV; max)

Neutrino flux from the sun is 1019 cm—2s1
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Neutrino Flux

Solar neutrino energy spectrum
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Ray Davis
Wirnt Nobel Prize
in Physics

Member of BNL's
Chemistry Department for
more than 35 years
has won the Nobel Prize
in Physics for
pioneering contributions
to astrophysics, in
particular for the detection
of cosmic neutrinos.
Davis shares the prize with
Masatoshi Koshiba of Japan,
and Riccardo Gilacconi of the U.S.
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O ks NEgR<®> Homestake solar neutrino experiment

Departmeant of Physics, NCKU 1.5 km underground

= Period: 1970-1994
= 2 x 1030 ClI

= ~2200 neutrinos captured,
91% extracted (1997 37Ar)

= Data rate ~17 3’Ar/2-month

= Solar neutrinos (yes!) (Davis
et al. PRL 20, pp1205, 1968)
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= Solar neutrino problem!

The detection rate was 1/3 of ;
the theory predicted!
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(Cleveland et al, 1998)
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Final results of Davis’ experiment. The average rate of about 2.5 SNU is
much lower than the calculated rate of about 8.6. (1 SNU = 1 Solar
Neutrino Unit, 1 captured neutrino per second and per 1036 target atoms)
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Department of Physics, NCKU Designer of the Kamioka and Super-K

Water: 2.14 x 106 litters B
1100 X 50cm(D) PMTs ,‘ -
Cerenkov radiation detectors ¢ 24
(aka optical sonic boom)

With real-time and directional

it

finding capability g 2 N
Originally for proton decays with ~* [0 =20 0
threshold of 30 MeV I —
e R e s L
Water purified and detectors
upgrade in 1984-1986 to Kamiokande and Super-Kamiokande

detect > 7.5 MeV events (8B only)



O Mks nRgg

Department of Physics, NCKU

et !

Rafting for solar neutrinos
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n,+e ® n,+e (solarny)
n.+p® n+e* (hi-En)

confirmed the existence of
solar neutrinos

Confirmed the solar neutrino
problem (less than 50%
theoretical)

Detected 12 neutrinos from SN
1987A (another 8 events was
recorded by IMB detector)

Results of Super-Kamioka




SN 1987A
O Mis NE9RE > 1087 00 24
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Malin, LMC
1987 02 23 10:35UT

- LMC
. — 170,000 (Tarantula nebula, LM C)
3 — Sanduleak —69 202 ( )
" Mpregen » 20 Mg

SN 1604
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» First two events pointed back to LMC ; average neutrino energy is ~ 12 MeV
= Energy that carried away by neutrinos exceeds sun energy output in 1010 yrs
= Confirmed the prediction of stellar evolution theory

» Deduced upper mass limit of the electron neutrino is 17 eV
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2km underground
surrounded by 9600 PMTs
10 x 106 litters of 2H,O

two detection modes:

n+e ® n,+e

N+d® n+p+n

(any neutrinos)
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Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000
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These expts are only sensitive to n, (absorption and elastic scattering ).
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= Arethe experiments wrong?
= |Isthe solar standard model wrong?

= Arethe neutrinos oscillating?
Ing

I |

3-flavor of neutrinos :” m?/

it p
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Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000
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P The neutrinos probably have tiny masses, and they are oscillating!




